Abstract We analyze the source properties of a sequence of triggered earthquakes that occurred near the Salton Sea in southern California in the immediate aftermath of the M 7.1 Hector Mine earthquake of 16 October 1999. The sequence produced a number of early events that were not initially located by the regional network, including two moderate earthquakes: the first within 30 sec of the P-wave arrival and a second approximately 10 minutes after the mainshock. We use available amplitude and waveform data from these events to estimate magnitudes to be approximately 4.7 and 4.4, respectively, and to obtain crude estimates of their locations. The sequence of small events following the initial M 4.7 earthquake is clustered and suggestive of a local aftershock sequence. Using both broadband TriNet data and analog data from the Southern California Seismic Network (SCSN), we also investigate the spectral characteristics of the M 4.4 event and other triggered earthquakes using empirical Green's function (EGF) analysis. We find that the source spectra of the events are consistent with expectations for tectonic (brittle shear failure) earthquakes, and infer stress drop values of 0.1 to 6 MPa for six M 2.1 to M 4.4 events. The estimated stress drop values are within the range observed for tectonic earthquakes elsewhere. They are relatively low compared to typically observed stress drop values, which is consistent with expectations for faulting in an extensional, high heat flow regime. The results therefore suggest that, at least in this case, triggered earthquakes are associated with a brittle shear failure mechanism. This further suggests that triggered earthquakes may tend to occur in geothermal-volcanic regions because shear failure occurs at, and can be triggered by, relatively low stresses in extensional regimes.
Introduction
The M w 7.3 1992 Landers, California, earthquake produced the first unambiguous evidence that large earthquakes can trigger small events at regional distances, well outside the range of conventional aftershocks (e.g., Hill et al., 1993; Bodin and Gomberg, 1994) . A similar burst of regional seismicity followed the 16 October 1999, M w 7.1 Hector Mine, California earthquake Glowacka et al., 2002) . In both cases, triggered seismicity was observed to occur preferentially, although not exclusively, in active geothermal and volcanic regions such as Long Valley Caldera, The Geysers, and the Salton Sea region (Fig. 1) . Although the M 5.4 Little Skull Mountain earthquake (Bodin and Gomberg, 1994 ) was a conspicuous exception, the concentration of remotely triggered earthquakes in geothermal and volacanic regions led researchers to consider triggering mechanisms that involve crustal fluids. A number of theoretical investigations have proposed triggering mechanisms that involve the effects of seismic waves on bubbles within fluid systems, such as advective overpressure (Linde et al., 1994) and rectified diffusion (Sturtevant et al., 1996; Brodsky et al., 1998) .
However, to date there has been very little investigation of the source properties of remotely triggered earthquakes. We do not know if they are ordinary tectonic (i.e., shear failure) earthquakes, or if they instead show evidence of a fluid-controlled source process such as anomalous focal mechanisms or radiated spectra. Such evidence can be subtle. Hough et al. (2000) recently presented spectral evidence of a fluid-controlled source process for (nontriggered) earthquakes in the Long Valley region, and the waveforms of these events were shown to be unremarkable at first glance. (Available data were insufficient to investigate possible nondouble-couple components to their focal mechanisms.)
Analysis of source properties of triggered earthquakes is likely to be hampered by data limitations. Resolution of source spectra of small earthquakes is always difficult because of the difficulty in independently distinguishing source, path, and site effects. In recent years, empirical Green's function analysis has emerged as the best approach to isolate source properties from complex path and site effects (e.g., Mueller, 1985; Frankel et al., 1986) ; however, the method requires waveform data with both high dynamic range and a large frequency bandwidth. Such data are not always available. Moreover, triggered earthquakes often occur immediately following large mainshocks or within highly active local clusters, so their waveforms are often not recorded cleanly. The 1999 triggered earthquakes near the Salton Sea occurred near the southern termination of the San Andreas fault, an area that is well instrumented by the Southern California Seismic Network (SCSN) and, in recent years, by TriNet. In this study, we use data from both types of stations to investigate the source properties of earthquakes triggered (at regional distances) by the Hector Mine mainshock. The early triggered events occurred very close to one TriNet station, SSW ( Fig. 1) , which recorded on-scale broadband and strong-motion data for earthquakes of M 2.6 to 4.7.
Data and Analysis
The Hector Mine mainshock produced an energetic sequence of remotely triggered earthquakes near the Salton Sea, with dozens of events occurring within the first few hours (Fig. 2) . The first identifiable triggered earthquake in the Salton Sea region is evident in the strong-motion record from station SSW (Fig. 3a) . It occurred within 30 sec of the P-wave arrival at this location, and its waveform dominates the mainshock acceleration record even at low frequencies. This earthquake, hereinafter referred to as E1, was not located by the network because the onset of the event cannot be distinguished amidst the mainshock coda at other stations. However, the S-P time at SSW (approximately 1.7 sec) can be used to estimate the distance of the earthquake from this station. Using a simple layered velocity structure constructed from the crustal model of Fuis et al. (1982) and the shallow shear wave velocity model determined for the upper 100 m by Barker and Stevens (1983) , the observed S-P time implies a horizontal distance of 1-3 km for assumed event depths of 3-5 km. Based on this, and the relatively weak amplitudes of E1 observed at station BBB (see Figs. 1 and  3a) , we conclude that the event was within a few kilometers of station SSW. Comparing the peak amplitude of E1 with that of a (network-located) M 4.0 Salton Sea event (E3; see Table 1 ) that occurred approximately an hour after the mainshock, we estimate a magnitude of approximately 5.1 for event E1 if we assume that E3 and E1 occurred at the same location. If we assume that E1 occurred closer to station SSW, a somewhat lower estimate would result. Based on the suggestion that E1 did occur very close to SSW, and based also on the amplitudes of the earthquake at other TriNet stations (K. Hutton, personal comm., 2000) , we obtain a preferred estimate of 4.7.
It is interesting to note that the shaking from the M 4.7 triggered event dominates the mainshock strong-motion rec- Figure  3a shows that it is controlled by the triggered event rather than the Hector Mine mainshock.
A second large triggered earthquake (hereinafter E2) occurred approximately 10 minutes after the mainshock. This earthquake was also not initially located by the network, but it is evident on the broadband recordings at SSW and other stations (Fig. 3b) . Its pattern of arrival times at the stations shown in Figure 3b is very similar to that of event E3, and so its location is assumed to be the same. An amplitude comparison with event E3 yields a magnitude estimate of 4.6 for event E2. An analysis of network data from other stations yields a similar value, M 4.4 (K. Hutton, personal comm., 2000) .
To investigate the source spectra of the larger triggered earthquakes we use a frequency-domain empirical Green's function (EGF) deconvolution method. This approach provides a correction for whole-path attenuation and site response, but does not seek to recover the source time function. Although an ideal EGF event is very close to the larger earthquake being investigated, the frequency-domain approach will be fairly insensitive to the separation between the two events (e.g., Hough and Dreger, 1995) . The only requirement is that the attenuation at depth over the distance of the separation be low compared to the near-surface attenuation that is common to recordings of both earthquakes at a given site. Therefore, even though the locations of events E1 and . For E2 we use the broadband data (velocity); spectrum for event E1 is calculated from the strong motion data (acceleration) because the broadband channels are clipped.
E2 are imprecise, we identify a later, smaller triggered event (E4; see Table 1 ) as an EGF event. This event occurred approximately an hour and a half after the mainshock, and is observed to have a waveform similar to that of E2. Before performing a deconvolution to obtain a source spectrum for event E1 or E2, it is necessary to ascertain how much each signal is contaminated by the coda of earlier events. Figure 4 presents a Fourier transform of the signal from a window 10 sec before each earthquake compared to the spectra for a 10-sec window encompassing the first arrivals. For E1, which was triggered by the highest-amplitude surface waves from the mainshock, the event spectrum is higher than the pre-event spectrum between 0.05 and 0.4 Hz. This energy could result from either the continuing mainshock (surface wave) signal or from the triggered event itself. It is therefore impossible to distinguish the corner frequency of this event with any precision.
As an alternative approach to investigate the rupture dimension and stress drop of event E1, we consider the spatial distribution of the earthquakes that followed E1 within the first 24 hours. Hough (2000) has shown that early aftershock distributions for moderate (M 5-6) mainshocks are often clustered and suggestive of a mainshock rupture dimension, and that rupture dimensions estimated this way appear to be consistent with those obtained using other methods. Figure 5 shows the locations of the early Salton Sea events as determined by standard network processing. They are suggestive of a 12-13-km lineament oriented NW-SE beneath the Salton Sea, following the trend of the Brawley Seismic Zone. Assuming a circular rupture, this implies a rupture radius of approximately 6 km.
The spectrum for event E2 is above that of the pre-event noise for all frequencies above approximately 0.25 Hz (Fig.  4) . The event spectrum at lower frequencies is also not elevated with respect to that of the pre-event spectrum. This suggests that the corner frequency is higher than 0.25 Hz, and that the data should be sufficient to resolve it using an empirical Green's function approach. To determine a deconvolved source spectrum, we calculate Fourier spectra using windows 30 sec long bracketing the main S-wave arrival on all three components. The signals are demeaned and tapered prior to spectral estimation. The spectra are smoothed using a recursive Hanning window, then deconvolved. The decon- volved source spectra from all three channels are found to be similar and are averaged to obtain a final source spectrum for this event (Fig. 6) .
We perform a similar analysis to obtain source spectra data for two smaller earthquakes, one (M 3.5) that occurred at 17:48 UTC on 16 October 1999, and another (M 3.5) that occurred at 10:29 UTC on 18 November 1999 (E6 and E8, respectively; Table 1 ). For these deconvolutions, a nearby M 2-2.2 event is used as an empirical Green's function. For the 16 October 1999 event, suitable (vertical component) data are available from three low-gain SCSN stations. We therefore follow the above procedure to obtain deconvolved source spectra at each station, then compute an amplitudenormalized average using the results from all stations. For the 18 November 1999 event, we use strong-motion data from the N-S component at station SSW (the amplitude of the E-W component of event E8 is extremely low). The resulting spectra are shown in Figure 6 .
Results
The spectra shown in Figure 6 are observed to be consistent with a one-corner, omega-square shape (Brune, 1970 )-a model that has been shown to fit the spectra of many small (shear failure) earthquakes (e.g., Walter et al., 1988; Hough and Dreger, 1995) . We estimate corner frequencies for the events analyzed by fitting the observed deconvolved spectra with a ratio of omega square models. We solve for the two corner frequencies, f c1 and f c2 , by minimizing the least-squares residual between the computed spectral ratio, R c (f ), and the modeled ratio, R m (f ):
A grid-search method is used to determine the optimal pair of corner frequencies. For each pair of corner frequencies, we perform a regression to find the optimal least-squares amplitude ratio. We choose the corner frequency pair that yields the lowest overall misfit to the data. This method can resolve the corner frequency of the EGF event as well as the mainshock, if the former is within the usable bandwidth. Figure 7 . Stress drop values from this study (large circles) are shown along with values determined using Empirical Green's Function analysis of small events in the Coso geothermal field (small squares; see Hough et al., 1999) and of aftershocks of the 1992 Joshua Tree earthquake (small triangles; see Hough and Dreger, 1995) . For event E1 we determine only a range of stress drop values suggested by the apparent dimension of the aftershock sequence from this event.
Stress drop, r, can be estimated assuming a circular rupture from either the corner frequency, using
where the velocity term, b, is the shear-wave velocity near the source, assumed to be 3.2 km/sec. This formulation is consistent with the relationship between stress drop and radius
3 16 r where r is the source radius (Eshelby, 1957) . Equation (3) is derived from equation (2), assuming that f c ‫ס‬ 0.37/s 1/2 , where s 1/2 is the half-width of the source pulse. This relationship is consistent with theoretical dislocation models (e.g., Brune et al., 1979) but associated with a fair degree of uncertainty (see Beresnev and Atkinson, 1997) . We will therefore compare the stress drop values obtained here with results from studies that used the same methodology (i.e., using equation 2). Using equation 2, the estimated corner frequencies yield the stress drop values given in Table 1 and shown in Figure  7 . We obtain stress drop values for six events: the three M 3.5 to 4.4 triggered earthquakes (E2, E6, E8) and their respective M 2.1 to 2.6 EGF events (E4, E5, E7). Stress drop values of 0.1 to 6 MPa are obtained for all six events.
Using equation (3), a rupture radius of 6 km for event E1 implies a stress drop of 0.023 MPa. We note, however, that a radius of 6 km implies a corner frequency on the order of 0.2 Hz, but Figure 4 reveals little evidence for a corner frequency this low. If the low-frequency spectral peak does reflect the corner frequency of E1, a value on the order of 0.5 Hz is suggested. This implies a stress drop of 0.36 MPa, or a radius of approximately 2.4 km.
True uncertainties associated with stress drop estimates are very difficult to estimate and tend to be substantial. Our best resolved stress drop estimate is that obtained for E2. Estimating the range of plausible corner frequency estimates to be those that yield root mean square misfit within 20% of the optimal value, we obtain a stress drop range of 0.13 to 1.5 MPa. In light of the uncertainties associated with stress drop results, we seek only to draw general conclusions regarding the results. As Figure 7 illustrates, our results are consistent with stress drop values estimated for very small events in the Coso geothermal field (Hough et al., 1999) and aftershocks of the 1992 M 6.1 Joshua Tree, California, earthquake (Hough and Dreger, 1995) . These values are, in turn, consistent with the range of values obtained by other studies (Abercrombie and Leary, 1993) . Our estimated values are, however, clustered at the low end of the range inferred for earthquakes in other regions.
Discussion and Conclusions
In the years following the 1992 Landers earthquake, a number of studies have documented the statistical significance of remote triggered earthquakes (e.g., Hill et al., 1993; Bodin and Gomberg, 1994; Gomberg, 1996; Protti et al., 1995; Singh et al., 1998; Mohamad et al., 2000) and shown it to be associated with the dynamic loading caused by the mainshock (e.g., Gomberg and Davis, 1996; Gomberg et al., 2001) . Because triggered earthquakes are observed to occur preferentially (although not exclusively) in active geothermal-volcanic regions, investigations of proposed triggering mechanisms have generally focused on those involving crustal fluids (e.g., Linde et al., 1994; Sturtevant et al., 1996; Brodsky et al., 1998) .
Triggered earthquakes have, however, been documented in other tectonic environments, such as western Nevada (Bodin and Gomberg 1994) , Greece (Brodsky et al., 2000) , and the central United States (Hough, 2001 ). This suggests two possibilities: (1) that preferential triggering in volcanic-geothermal areas does not result from the presence of fluids but from some other property of these regions (i.e., geothermal-hydrothermal fluids facilitate but are not required for triggering to occur) or (2) that more than one mechanism is involved with earthquake triggering.
The source properties of triggered earthquakes provide insight into the nature of the triggering mechanism. By definition, however, triggered events occur during times of high regional activity, so detailed investigations of source properties will inevitably be difficult. Frequently it is not possible to obtain focal mechanisms or precise locations for early triggered events, let alone to isolate the source spectra. Fortunately, some of the earthquakes triggered by the 1999 Hector Mine earthquake occurred in a region where station coverage is fairly dense. These events were recorded by low-noise analog SCSN stations as well as broadband TriNet stations. In this study, we have focused on several events that did yield data suitable for empirical Green's function analysis. In particular, the M 4.4 event that occurred approximately 10 minutes after the mainshock can be analyzed in some detail. The results from this and the other events suggest that the spectra of the triggered earthquakes are consistent with those expected from brittle shear failure events; the spectra provide no evidence for an exotic source process. We calculate first-motion focal mechanisms using network data (Reasenberg and Oppenheimer, 1985) and find that they are also consistent with double-couple mechanisms (see Fig. 5 ). With only a small number of available first motions (e.g., 18 for E3), however, it is unlikely that one would be able to resolve anything but gross departures from double-couple mechanisms.
The stress drop values estimated in this study are somewhat low (0.1-6 MPa) compared to those obtained for small earthquakes in other tectonic settings (Fig. 7) ; however, the trend of the triggered events illustrated in Figure 5 follows the Brawley seismic zone, which is generally interpreted as an extensional transform zone in which stress is transferred between the San Andreas and Imperial faults via a zone of oblique extension (Johnson et al., 1994; Taylor et al., 1994) . Several lines of evidence suggest that low stress drop events are to be expected in extensional regimes (e.g., Sibson, 1974; McGarr, 1984) , and low values have been observed in a number of previous studies (e.g., Cocco and Rovelli, 1989; Abercrombie et al., 1995) .
In cases where fluid-controlled source mechanisms have been inferred, such as for some events near Long Valley Caldera, California, stress drop values have been more grossly anomalous (with respect to expectations for brittle shear failure events) (Cramer and McNutt, 1987; Hough et al., 2000) . For example, Hough et al. (2000) infer a stress drop on the order of 0.003 to 0.02 MPa for a M 2.7 Long Valley earthquake that is inferred to have had a fluidcontrolled source process.
In light of the results from this study, we hypothesize that triggered earthquakes may occur preferentially in volcanic-geothermal regions because brittle shear failure occurs at relatively low stresses in high heat flow, extensional regimes. Gomberg et al. (2001) estimate that the Hector Mine mainshock generated a peak dynamic stress of approximately 1 MPa at station SSW. If the events analyzed in this study were total stress drop events (which seems likely), then the dynamic stresses may have even exceeded the failure stress of the fault or faults. In this case, crustal fluids need not play a direct role in the triggering process to the extent suggested by earlier studies (e.g., Linde et al., 1994; Sturtevant et al., 1996) . That is, we suggest that one need not appeal to an exotic fluid-controlled mechanism to explain the occurrence of remotely triggered earthquakes in geothermal and volcanic regions. It is possible, however, that fluids play some role in the initiation of all earthquakes, including remotely triggered earthquakes (see Hickman et al., 1995) The sequence of events that followed E1 is also interesting to consider. They could reflect permanent change in local fault properties associated with the mainshock (e.g., Gomberg, 2001 ), a disruption in the volcanic-geothermal system that triggers tectonic events, or the local effects (i.e., the static stress change) of the first triggered event. Their overall number and magnitude distribution appear to be consistent with the expected aftershock sequence of a M 4.5 to 5.0 mainshock (see Fig. 2 ). King et al. (1994) show that the 1979 M 5.2 Homestead Valley earthquake produced static Coulomb stress changes upwards of 0.3 MPa at distances of up to 5 km from the rupture, and conclude that aftershocks occur in areas where stress changes are 0.1 MPa or higher. It might be possible to test the hypothesis of local triggering by determining whether or not their focal mechanisms are consistent with expectations for a (presumed) fault rupture and a standard Coulomb stress change model.
The temporal evolution of the Salton Sea sequence differs from that of remotely triggered earthquakes that occurred in the Mexicali Valley. Glowacka et al. (2002) present seismic, tilt, and deformation data for these events. They conclude that the passage of long-period waves did cause some disruption of fluids at depth, which gave rise to tremorlike events. In this case, slip and tilt was observed immediately after the passage of the Hector Mine seismic waves but earthquakes did not occur for several hours. (Triggered slip was also observed in the Salton Trough following the Hector Mine mainshock [Rymer et al., 2002 ], but it is not known when this slip occurred.) Considering the range of characteristics observed for different remotely triggered sequences, it appears likely that there might not be a single physical mechanism that accounts for all remotely triggered earthquakes.
Regardless of the mechanism associated with remotely triggered earthquakes, the observations presented in this study have implications for seismic hazard. They show that ground motions from remotely triggered earthquakes can in some cases exceed those from the mainshock. At regional distances, the overall character (i.e., frequency content and duration) of ground motion can be significantly affected by moderate local events occurring within seconds of the surface wave from a more distant mainshock. The ShakeMap representation of shaking, which maps observed peak accelerations or velocities, might be useful in identifying locations of possible remotely triggered earthquakes.
